Abstract In this paper, based on the analysis of major ions and rare earth elements (REEs), spring water samples from the north western Bam area, central Iran were investigated for the hydrochemical processes, geochemical behavior of REEs and ion concentration background in the region . In the study area, the order of cation and anion abundance is Na
Introduction
Rare earth elements (REEs) are of great interest for many scientists because of their unique characteristics and will be used in the study of many geological processes (Bau 1991; Leybourne et al. 2000; Herong et al. 2011) . Ample evidence has been already provided to show that REEs could be much mobilized during weathering, alteration and diagenetic processes and then leading to extensive fractionation between REEs (Wood 1990; Seto and Akagi 2008) .
Recent research has also explored REE behavior in different groundwater environments. Using REEs for tracing groundwater flow is a relatively recent approach. Behavior of the REEs with their sensitivity to pH, redox conditions and adsorption/desorption reactions are particularly useful in hydrogeochemical studies (Wood 1990; Tang and Johannesson 2006; Guo et al. 2010; willis and Johannesson 2011) . In addition, because the REEs typically behave coherently, perturbations from the expected patterns can yield critical information on the types of processes occurring within a water-rock system (Guo et al. 2010; Esmaeili-Vardanjani et al. 2012) .
In this study, we investigate the geochemical behavior of REEs within the groundwater of north western Bam City, where a typical sediment-filled basin (NE Iran) is present. Also, we will discuss chemical processes, which may control REE concentrations in groundwater.
Study area
The study area is located within the Bam Plain in the south eastern Iran (Fig. 1) . The topography of the study area is a mixture of rugged mountains with flat plains. The area has a hot temperate climate, with mean maximum summer temperatures (July) of about 45°C and minimum winter temperatures (January) of 15°C. The climate of the study area is considered to be arid with annual precipitation being approximately 100 mm.
The plain consists of a Quaternary alluvium that is confined by the Miocene conglomerate, Oligocene tuff, Eocene volcanic rocks and Paleogene granodiorite (Aghanabati 1993) . The igneous rocks (acid-alkali) are formed mostly around Bam Plain and in some areas such as in the north and east parts, sedimentary formations such as limestone, marl and conglomerate are seen. In the central, eastern and southern parts of the region are the alluvial fans, which are well composed of coarse alluvial material and gradually become fine-grained toward the north and north east (Khademi 1984) . Acidic tuffs are common in the region. The travertine in the study area belongs to the volcanic rocks, extending from the west of the study area (Fig. 1) .
Travertine is defined as a chemically precipitated continental limestone formed around seepage, springs and along streams and rivers, occasionally in lakes and consists of calcite or aragonite, of low to moderate intercrystalline porosity and often high mouldic or framework porosity within a vadose or occasionally shallow phreatic environment (Keshavarzi et al. 2011) . Groundwater sampling and analysis Groundwater samples were collected from 12 springs within the study area in December, 2011. They were stored in 100 ml polyethylene bottles. pH, specific conductance, temperature, dissolved oxygen concentration and Eh were determined using a multi-parameter portable meter (HATCH, Germany). At each site, the pH electrode was calibrated using two buffers (Merck, Germany) that bracketed the measured pH and that were thermally equilibrated with the water sample.
Titrations were performed to analyze total alkalinity (HCO 3 -? minor CO 3 2-) and ion chromatography for anions (Cl ). Cations, REE and other major and trace elements were measured by inductively coupled plasma and mass spectrometry (ICP-MS) in the filtered and acidified water samples within 2 weeks after sampling (Table 1) .
Hydrochemical characteristics of groundwater
The chemical compositions of the groundwater samples are statistically analyzed and the results are given in Table 1 .
The pH of the groundwater in the study area ranged from 7.4 to 8.33 with an average value of 7.70, indicating an alkaline nature of the samples. The Eh can be used to find out the relative redox conditions of an aquifer (Smedley and Edmunds 2002) . Eh in the study area ranged from 4.2 to 72.9 mV and therefore weak oxidization to reducing conditions prevail in the area. Total dissolved solid (TDS) is an important parameter that can be used to observe the influence of major components in groundwater quality, and as a function of mineralization characteristics of the groundwater, the TDS of the groundwater samples range from 168 to 18,690 mg/l, with a mean value of 13,524 mg/l.
The relative content of a cation or an anion is defined as the percentage of the relative amount of that ion to the total cations or anions, respectively Most metal concentrations in water depend on the mineral solubility, pH, Eh and salinity of the solution. Copper concentrations are in the range of 0.2-94 lg/l, whereas Pb concentrations are \0.1-9.9 lg/l and concentrations of Zn show variation between 0.7 and 108.5 lg/l. Total Fe concentrations range from \0.01 to 0.07 mg/l ( Table 1 ). The highest Fe concentrations (0.07 and 0.06 mg/l) occurred at the eastern part of the area and were detected in wells 8 and 11. The Mo, V and Se concentrations ranged from 1.3 to 47.4, 0.4 to 54.1 and \0.5 to 414, respectively. 
REE concentrations
Rare earth element concentrations in the study area vary with the total REE concentrations ranging from 0.17 lg/l (spring 9) to 8.36 lg/l (sample 12) ( Table 2) . Many studies have shown that pH can play an important role in controlling the mobility of REEs, and higher REE concentrations are typically associated with lower pH values (Keasler and Loveland 1982; Tang and Johannesson 2006; Guo et al. 2010) . Although there is considerable scatter, the RREE of the groundwater samples in this study negatively correlated with their pH values (Fig. 3) . The measured Eh can be used with other redox indicators to determine, in a qualitative sense, the relative redox conditions of an aquifer (Smedley and Edmunds 2002) . Figure 3 shows that an increase in REE concentration occurs in phase with a decline in the redox potential. The RREE concentrations in groundwater show a good positive correlation with the TDS contents indicating that RREE concentrations are well related to salinity of the water samples (Fig. 3) . Dissolved Fe concentrations correlate with RREE. Hence, reduction of Fe hydroxides would be the reason for the raised REE concentrations of the groundwater from this area.
REE fractionation
In order to best evaluate the geochemical processes responsible for fractionation of the REE in natural waters, it is most appropriate to normalize the waters to the rocks with which they react. In fact, natural waters may react with many rock types that have different REE signatures. Hence, it is impossible to develop normalizing standard for every system under study (Nguyet 2006) .
Normalized patterns with respect to the estimated average composition of the North American Shale Composite (NASC) (Taylor and McLennan 1985) that has been employed recently in groundwater studies (Leybourne et al. 2000; Rönnback et al. 2008; Guo et al. 2010 ) are shown in Fig. 4 for groundwater in this study.
The groundwater samples mostly exhibit enrichment in the high REE (HREE) relative to the light REE (LREE) (Fig. 4) . This can be explained by the differences in geochemical mobility between LREE and HREE during water-rock interaction. The groundwater samples have three different shale-normalized REE patterns.
Type 1: Samples 8 and 11 (Na-HCO 3 type) have substantial negative, shale-normalized Ce anomalies (Ce/ (Table 1) . It is also shown in Fig. 5 that Eu/Eu* ratios are positively correlated with Eh and pH values, suggesting that redox condition and pH are responsible for the positive Eu anomalies. The reason for Eu enrichment in the groundwater of the study area would be the preferential Fig. 4 Shale-normalized REE patterns for groundwater of the study area; a sample 12, b samples 8 and 11, c other samples mobilization of Eu 2? relative to the more particle-reactive trivalent REE and must be related to plagioclase in the magmatic rocks.
Gadolinium anomalies are known in groundwater, but these are small and appear to be restricted to seawater and some groundwater, and to precipitates from those. The large size of the positive anomalies reported for Gd in some river waters, therefore, rules out any possibility that they result from natural REE fractionation (Kualaksi and Bau 2007) . In Na-HCO 3 -type water, Gd anomalies have negative correlation with pH-Eh values and show converse treatment with Eu anomalies (Fig. 5 ). Type 2: Sample 12 has a positive shale-normalized Ce anomaly (Ce/Ce* = 1.01) and a positive Ho anomaly. The rocks as well as their minerals play an important role in controlling the fractionation of REE in groundwater, in which case they might be also important in controlling Ce anomalies (Herong et al. 2011 ). The correlation coefficients of Sr, Zr versus Ce shown in Fig. 6 indicate that in sample 12, Zr and Sr have very high concentration; therefore, plagioclase and zircon are important in controlling the Ce anomaly in this sample.
Type 3: In other samples, Ce and Eu contents are low and other REEs generally below the detection limits of RREE vary from 0.17 to 0.62 lg/l ( Table 2 ). The clear correlation between the Ce, Eu and Gd anomalies with pHEh, TDS and Fe cannot be seen (Fig. 5) .
Conclusions
In this paper, we examined the chemical process of spring water in the study area for the first time and the geochemical behavior of REE has been studied, which could be the basis for future studies and management of water resources in the region, where because of climatic conditions available water resources are important.
Rare earth element concentrations are highly variable in springs of the north western of Bam, with generally higher REE contents typical of waters with higher Fe-TDS and lower pH-Eh. The major cations in the studied groundwater are in the decreasing order of Na
and the anions are also in the decreasing order of Cl
-. In general, the main hydrochemical facies of groundwater from the studied area are of Na ? Cl, Na ? HCO 3 and Na ? HCO 3 ? Cl ? Mg types. The increase in TDS and Fe contents in groundwater is accompanied by an increase in REE concentrations, whereas an increase in pH and Eh values is accompanied by a decrease in REE concentrations. Although groundwater shows HREE enrichment relative to LREE in samples, evidence suggests that REE concentrations and patterns predominantly show differences in waters. In Na ? HCO 3 type, it has negative Ce but positive Eu and Gd anomalies. The Eu/Eu* ratio has a positive correlation with Eh and pH values and negative correlation with Fe concentration, while this correlation is reversed for the Gd/Gd* ratio. The groundwater of sample 12 has positive shale-normalized Ce anomaly, and plagioclase and zircon are important in controlling the Ce anomaly in this sample. In other samples, Ce and Eu contents have low RREE varying from 0.17 to 0.62 lg/l, and a clear correlation between the Ce, Eu and Gd anomalies with pH-Eh, TDS and Fe cannot be seen.
Moreover, correlation analysis indicates that Eh-pH condition, TDS and Fe content, aquifer rock, as well as their minerals play an important role in controlling the REE enrichment of groundwater. Due to the similarity of REE between aquifer rock and groundwater, as well as the differences of rock types beyond the aquifers, REEs thus can be considered useful in discriminating between water sources.
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